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ABSTRACT
Droplet Impact onto Super-Hydrophobic Surfaces and
Determining the Response to Heat and Light of
Terrestrial Cyanobacteria
by
Benjamin B. Lovett, Master of Science
Utah State University, 2018
Major Professor: Tadd T. Truscott, Ph.D.
Department: Mechanical and Aerospace Engineering
This thesis addresses droplet impact onto macroscopic hydrophobic features and the
movement of soil based bacteria under varied light and heat conditions. Droplet impact
studies have shown that introducing a macroscopic feature to a hydrophobic surface can
further reduce the contact time of an impinging droplet. We present how a singular feature
with thickness as large as half the droplet diameter can induce a similar reduction in contact
time. Water droplets at room temperature were manipulated to impact various needles at
multiple speeds (We range: 16 to 313). We present how the spreading event at the center
of the droplet heavily influences contact time and how the impact speed and size of the
macroscopic feature affect the spreading and lift-off characteristics of the droplet.
A separate topic examines environmental motivators for motility in a terrestrial cyanobacteria called Microcoleus vaginatus. This cyanobacteria is indigenous to high cold deserts,
such as the Colorado Plateau in North America, and is essential to the health and preservation of the biological crust. These bacteria are the first organisms to grow in new soil,
secreting polysaccharides that act as soil glue, thereby increasing soil adhesion, and are
therefore crucial to the development and health of desert soils. It has been shown that

iv
these bacteria will rise to the surface of the soil from their subsurface homes when sufficient
moisture is present on the surface, but it is unclear how they are able to make this journey.
It is also unclear if there are other motivators for motility, such as nutrient levels or heat
and light. Here we present an investigation of M. vaginatus’ response to light and heat in
order to determine if these basic stimuli affect motility.
(98 pages)
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PUBLIC ABSTRACT
Droplet Impact onto Super-Hydrophobic Surfaces and
Determining the Response to Heat and Light of
Terrestrial Cyanobacteria
Benjamin B. Lovett
This thesis examines droplets striking water repelling surfaces as well as the movement
of a soil based bacteria under various light and heat conditions. Droplet impact studies have
shown that introducing a macroscopic feature to a water repelling surface can reduce the
amount of time that droplet is in contact with the surface. By manipulating water droplets
to impact different sized needles at varying speeds, we present how a needle can induce
a similar reduction in the residence time of the droplet to more widely studied features.
Results show the spreading and lift-off characteristics of the droplet are dependent on the
impact speed as well as the size of macroscopic feature.
A separate topic examines environmental motivators for mobility in a terrestrial cyanobacteria species called Microcoleus vaginatus. This cyanobacteria is indigenous to cold deserts,
such as the Colorado Plateau or Mojave Desert in North America, and is essential to the
health and preservation of the biological soil crust. These bacteria are the first organisms
to grow in new soil, secreting a carbohydrate that acts as soil glue, thereby increasing soil
adhesion. It has been shown that these bacteria will rise to the surface of the soil from their
subsurface homes after rainfall, but it is unclear how they are able to make this journey. It
is also unclear if other factors, such as nutrient levels or heat and light, affect their movement. Here we present an investigation of M. vaginatus’ response to light and heat in order
to determine if these basic stimuli affect movement, thereby informing future restorative
models.
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CHAPTER 1
Droplet impact onto super-hydrophobic surfaces

1.1

Introduction and background
Surface tension is an extrinsic property of fluids that gives a measure of the inter-

molecular forces acting along an interface [1]. These intermolecular forces dominate the
interactions between fluids when other forces such as inertia and viscosity are sufficiently
low. If we consider a water droplet at rest on a flat surface in a gravitational field, we will
observe a rounded dome on top, and one of two possible attachment states between the
droplet and the surface below. Fig. 1.1 shows the two possible states of a droplet at rest,
dictated by the contact angle, θc ; hydrophilic (θc <90◦ ) and hydrophobic (θc >90◦ ). Equation 1.1 shows the balance of surface tension forces that keep the droplet at equilibrium.
The shape of the droplet can be understood if we consider the free energy of the surface in
relation to the surface energy of the droplet. The second law of thermodynamics says that
matter tends to exist in the lowest possible energy state, alternatively stated, energy flows
downhill. In order for the surface energy of the droplet to be minimized it must have the
lowest possible surface area to volume ratio, hence the spherical shape of liquid droplets.
It is this characteristic that forces droplets to change their apparent contact angle when
placed on different surfaces.
We see this behavior manifest in the differences between Fig. 1.1 (a) and (b), specifically
in the angle the base of the droplet forms with the substrate. In (b), the shape formed at
the liquid-solid interface implies that is takes less energy to form this connection with the
surface than it does to form a sphere with itself. Substrates with a high free surface energy
(a), also called the Gibbs free surface energy, will repel the droplet and cause it form a more
sphere-like shape at the liquid-solid interface, thereby promoting the existence of the lowest
possible energy state, i.e. hydrophilic. These interactions between interfaces, dominated by
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Fig. 1.1: A droplet at rest on a hydrophobic surface (left) and a hydrophilic surface (right).
Interfacial forces are shown as γ, with S for solid, L for liquid, and A for air. Therefore,
γSA is the surface tension force between the solid-air interface.
the surface energy and the properties of the droplet, dictate the physics during interactions
between the two liquids and the solid. Eq. 1.1 shows the force balance for a droplet at rest
on a hydrophobic surface (a).

γSL = γSA + γLA cos(θc )

(1.1)

The interactions between two substances are often described by comparing the dominant forces involved. In the case of a droplet at rest on a surface, gravitational effects and
the surface tension and viscosity of the droplet dominate the interactions. When a droplet
strikes a surface, there is an added component of the droplet’s inertia and the rigidity of
the surface as well. An appropriate comparison to make then is the ratio of inertial forces
to surface tension forces. This is manifest in the Weber number, We, given in eq. 1.2,

We =

ρV 2 Lc
γ

(1.2)

where ρ and γ are the density and surface tension of the fluid, V is impact velocity, and
Lc is the characteristic length, commonly chosen as the diameter or radius of the droplet
in droplet impact, but can be another relevant length scale involved (e.g. dimension of a
defect or spacing between defects).
A millimetric droplet striking a rigid, flat, super-hydrophobic surface at low We (We <
60) will spread to a maximum diameter with minimal satellite droplet formation, followed
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by a retraction into coalescence and lift-off at the initial point of impact (See Fig. 1.2 (a)).
This surface-energy driven behavior of the impinging droplet is desirable because it leads to
a reduced contact time of the droplet, yielding surfaces with greater ability to self-clean [2],
and resist icing [3] [4] and wetting effects [5]. Surfaces exhibiting super-hydrophobicity are
naturally occurring in both flora and fauna, and usually exhibit two scales of roughness to
enhance hydrophobicity (e.g. the lotus leaf, water striders). Due to these surfaces’ resistance
to wetting, many efforts to study or fabricate super-hydrophobic surfaces attempt to mimic
these naturally occurring designs through a wide variety of methods [4], [6]-[7].
It is known that changing surface roughness will increase the hydrophobicity when
θc >90◦ and increase the hydrophilicity when θc < 90◦ [8]. In order to achieve superhydrophobicity, the surface must be rough enough such that forming a liquid-air interface
requires less energy than a liquid-solid interface. This allows air to become trapped between
the droplet interface and the textured surface. It is the existence of this trapped air layer
that yields especially high contact angles (θc ) and low hysteresis, characteristic of the CassieBaxter (or Fakir) state [6]. Droplets can move from this state to a lower energy state, and
into a Wessel state, through imparting energy to the droplet, thereby increasing the energy
of the droplet. However, if there is sufficient roughness, a droplet will remain in the Cassie
state even when energy is added to the droplet in the form of inertia. A more detailed
review of how roughness affects wettability is given by Quere [8].
Extensive research has characterized droplet impact on both rigid, plain hydrophobic
surfaces[9],[10],[11], &[12], as well as augmented hydrophobic surfaces [13]-[14]. Fig. 1.2
shows a typical droplet impingement on a plain hydrophobic surface (a), referred to as a
control surface, and on a singular point (b). Impact and initial spreading are the same for
both cases, but begin to differ when the droplet approaches the point of maximum spread.
On a control surface (a), after initial impact, the droplet film will continue to thin while
the edges form an increasingly large rim until the point of maximal spread (t = 3.67 ms),
at which time surface tension will pull the droplet back to the point of initial contact and
leave the surface with volume conserved (t = 14.67 ms). Occasionally, a satellite drop will
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(a)

t = 0.00 ms

t = 3.67 ms

t = 7.33 ms

t = 11.00 ms

t = 14.67 ms

t = 2.33 ms

t = 4.67 ms

t = 5.33 ms

t = 9.33 ms

(b)

t = 0.00 ms

Fig. 1.2: Top and side views of a typical droplet impacting a plain hydrophobic surface
(control) (a) and a surface augmented with a needle of radius 0.53 mm (b). Images show
the difference between the spreading and subsequent rebounding behaviors. Contact time
(tc ) is at t = 14.67 ms for (a) and t = 9.33 ms for (b). Advancing contact angle is 150◦
with a hysteresis of -3◦ Droplet radius is 1.55 mm and impact velocity is 0.89 m/s (We =
17) for both cases.
be ejected directly upward upon coalescence as we almost see in Fig. 1.2 (a) (t = 11.00 ms),
reminiscent of a Worthington jet formed by a deep seal in water entry [15].
The effect of a defect is seen when the droplet reaches maximum spread in Fig. 1.2 (b)
(t = 4.67 ms). When the center of the droplet is modified by a sufficiently large defect
such as a ridge [16], ridge array, [13] or a single point [17], (in this case a needle) the center
of the spreading droplet detaches from the defect, producing a simultaneous bi-directional
retraction of the droplet. We observe the bi-directional retraction in Fig. 1.2 at t = 4.67 ms
as the outer edge recedes and the inner edge proceeds outward from the defect. As the inner
and outer edges of the droplet retract towards each other they collide, producing upward
momentum sufficient to generate lift-off in a torus shape (t = 9.33 ms). The effect on
contact time is a marked decrease, predicted by comparing initial droplet volume with the
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number of subunits created upon lift-off. The torus shape seen in the rebounding droplet
is characteristic of this surface geometry, as also shown by Chantelot et al. [17], but is not
exclusive to this geometry. This torus shape is also seen for droplet impacts onto curved
surfaces heated above the Leidenfrost temperature, but the curvature of the surface and
the vapor film dictate this morphology as opposed to a macroscopic defect [18].
While the observed bouncing on flat, augmented surfaces is driven by the dewetting
of the droplet at the point of impact, rebound on porous, or semi-porous surfaces, such as
pillar arrays, is due to the capillary energy stored in the penetrating droplet. Studies on
millimetric [19] and sub-millimetric [14] pillar arrays have shown that a droplet exhibits a
bouncing behavior similar to what is observed here, shown to reduce the contact time of the
impinging droplet when the timescales of the spreading droplet and the capillary emptying
are similar [19]. This reduction in contact time can be improved upon if the pillar arrays
are properly spaced to maximize the capillary energy storage without entering the Wenzel
state. Contact line pinning can occur for these surfaces when the droplet impacts with a
velocity above a critical point or when the pillar spacing is much greater than the droplet
diameter, thereby negating desirable rebounding effects. A higher pillar height was also
shown to resist contact line pinning.
With few exceptions, these studies investigate droplet impact at low impact speeds (< 2
m/s), providing models which elucidate the spreading and lift-off modes of the droplets relative to their particular surface geometry. Interestingly, each macroscopic feature induces a
reduction in contact time via a mechanism that is highly dependent on the features’ geometry and yet, all contact times reported are similar to each other, as shown in Fig. 1.3 (a).
We non-dimensionalize contact time by τ , the inertial-capillary timescale, in order to easily compare contact times with other studies. Fig. 1.3 (b) shows the parameter space for
selected studies on rigid, flat, augmented super-hydrophobic surfaces, and where this study
fits into the literature. The models presented in these studies accurately predict lift-off times
and spreading modes in their regimes, but begin to break down for higher We numbers or
for different geometries. Thus, we study water droplet impingement on a singular feature,
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a needle point, at low impact speeds in order to offer a comparison to current studies, and
at higher impact speeds to determine the feasibility of a larger, more simplistic system in
as yet untested practical settings, such as rainfall. As a reference, rain typically impacts a
surface between speeds of 6 and 8 m/s depending on the droplet size [20]. While there have
been numerous studies done with curved surfaces, liquid marbles, or the Leidenfrost effect,
results from these studies will not be discussed here for sake of brevity.
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Fig. 1.3: Studies examining flat, rigid, augmented superhydrophobic surfaces.We is calculated using the droplet radius while the y-axis is the radius of the defect being introduced
to the surface normalized by the droplet radius. For the case of pillars, pillar spacing is used
as rn . Studies referenced are Gauthier et al. 2015 [13], Bird et al. 2013[16], Liu et al.[19],
Chantelot et al.[17], and Reyssat et al.[14]. Colored boxes differentiate between studies and
correspond to colors in the legend

1.2

Methods
Fig. 1.4 shows the experimental setup used throughout this experiment to capture

images like the ones shown in Fig. 1.2. Rather than test a machined, highly manufactured
surface, our substrate was made from standard poster board coated in WX2100 hydrophobic
spray. This coating resulted in a smaller scale roughness on the order of 5 µm, resulting
in a ratio between the large (needle) and small scales of roughness similarly achieved in
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lotus leaves [21]. The substrate was re-coated with WX2100 hydrophobic spray every ∼ 20
droplet impacts to ensure minimal coating reduction. Droplet radii were naturally varying
around r = 1.55 mm ± 0.15 mm. The needle diameters (2rn ) were varied discretely between
0.6, 1.06, and 1.52 mm, and the height the needle extended above the surface was 2 or 4
cm. The height from which the droplet was released allowed for impact speeds ranging from
0.63 to 3.84 m/s (0.02 to 0.75 m drop height) to allow for comparisons to other studies.
Each case consisted of 10 replicates, the averages of which are plotted on subsequent figures
with confidence intervals shown at 95% confidence. The placement of the impinging drop
relative to the needle was not varied during this study. Chantelot et al.[17] shows the effect
and lift-off mechanism associated with non-centered impacts onto singular features.
Visualization using two high speed Photron SA3 fastcams recording up to 5000 fps
yielded measurements of the diameter of the impinging droplet before and after impact,
the maximum diameter of the spreading droplet after impact, and the contact time of the
droplet. The contact time (tc ), or lift-off time, of the droplet in this context can be defined
as the time from droplet impact on the substrate until the droplet leaves the substrate. This
is physically relevant because in most applications, the concern is keeping the substrate dry,
not the defect.

1.3

Results
The effects of a singular feature on the spreading dynamics of a droplet and the contact

time will be the primary focus of this study. The results of this study offer good agreement
with the recent study done by Chantelot et al. [17] on a similar feature, i.e. a glass bead.

1.3.1

Spreading

Fig. 1.5 (a) shows a typical impact event on a singularity, while the measurable effect
of the singulariy on maximum spreading can be seen in Fig. 1.5 (b). The droplet behaves in
the same manner as discussed in Fig. 1.2, but here we can see the retraction of the droplet
more readily, as well as the different shape at lift-off (t = 10.67 ms). The time at maximum
spread is shown at t = 3.67 ms in (a), the measured radius of the droplet at this time
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Fig. 1.4: (a) An impact and spreading event showing critical measurements taken from high
speed images. (b) Droplets of radius r are released from a syringe operated by an isolated
syringe pump (not shown) onto a needle of radius rn . Drop height (h) is measured from
the point of droplet release to the substrate surface. Backlighting and two SA3 Photron
Fastcams recording at 3000 fps provided high speed visualization of the spreading droplets.
For the higher We numbers (We ≥ 130), the recording rate was increased to 5000 fps.
corresponding to the variable rmax seen on the vertical axis in (b). Scaling for the tested
surfaces collapses to a line given by W e1/3 with a pre-factor of 1.53. This shows, somewhat
counterintuitively, that the size of the defect does not alter the amount of area in contact
with the spreading droplet. Stated differently, introducing a defect will not appreciatively
change how much of a surface comes into contact with the spreading droplet. The green
line shows the scaling for a control surface, the slope illustrating that impact velocity is the
driving force for increasing droplet spread.
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Fig. 1.5: (a) Top and side view of a droplet with r = 1.51 mm striking a needle with
rn = 0.30 mm at 1.25 m/s (We = 33). Maximum spread occurs at t = 3.67 ms measured
from t = 0, the time at impact on the substrate. (b) Half the maximum spread (rmax )
normalized by the initial droplet radius plotted as a function of the We calculated using
the droplet radius. Clanet et al. [10] showed this behavior scales with W e1/4 (green line)
for a control surface. Confidence intervals show the standard deviation of 10 measurements.
While the presence of a defect does not affect a how far a droplet will spread, we can
see the effects of the needle in the morphology of the spreading droplet across different We
in Fig. 1.6. Here, we present the side and top views of a droplet at the time of lift-off (when
t = tc ) on a control surface with rn = 0 mm, and on three needles with rn increasing down
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the page. We increases from left to right, indicating an increase in the impact speed of the
droplets.

rn = 0 mm

rn = 0.60 mm

rn = 1.06 mm

rn = 1.52 mm

We = 8

We = 16

We = 33

We = 66

We = 133

Fig. 1.6: Side and top views of the droplet shape at an instant in time; t = tc , the time
of lift-off. Top two rows, when rn = 0 mm, show lift-off for a control surface. Needle size
increases down the figure and impact velocity increases from left to right, illustrating the
markedly different formations at lift-off. Arrows indicate satellite droplets. The vertically
ejected droplet for a control case at We = 16 is out of frame.
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On a control surface (rn = 0 mm), we see the same lift-off mode at each We, indicating
a lift-off mechanism that is independent of the amount of energy available to the droplet.
The droplet will spread to some maximum diameter before fully retracting to the point of
impact, generating upward momentum sufficient to produce lift-off. As We increases, there
is an associated increase in the kinetic energy available, so the droplet will spread further
and further from the initial point of contact before the surface tension pulls the droplet back
for lift-off. If the kinetic energy becomes too large, perturbations and instabilities become
more prevalent and the surface tension of the droplet is insufficient to completely retract,
subsequently forming satellite droplets (We >60).
Below this threshold, the droplet completely coalesces into a single mass, with the
exception of a few vertically expelled droplets. During retraction, as the droplet begins to
collide with itself, oscillations and perturbations cause “Worthington droplets” to be ejected
vertically along the eventual path of the rebounding droplet. Rayleigh-Taylor instabilities
cause more droplets to be ejected upwards around We = 33, suggesting the perturbations
are due to the increased energy of the retracting droplet. When We >60, these ejected
droplets do not appear, instead satellite droplets are ejected laterally at an angle of 11◦ 15◦ measured from horizontal. We observed this We threshold for forming satellite droplets
to be roughly the same, regardless of the presence of a needle, indicating the critical role
of inertia in droplet break up. This gives reasonably good agreement with mathematical
predictions of toroid break up due to the Rayleigh-Plateau instability around We = 80 [22].
We see coalescence at lift-off when a defect is introduced, but also a threshold in We
above which a different lift-off mode is apparent in the shape of a torus. This We threshold
decreases as rn increases, showing that a larger needle will more easily cause a torus shape
to form. This behavior can be understood by considering Taylor-Cullick. Equation 1.3
shows the speed, V , of the edge of a retracing film of thickness, h [23].

V =

2γ
ρh

(1/2)
(1.3)

For the same impact speed, a droplet will spread to the same maximal diameter, and

12
thus have the same spreading thickness. The droplet begins to dewet the surface of the
needle when the thickness of the retracting film is the same as that of the needle, and so as
the needle diameter increases, the spreading droplet approaches the critical thickness sooner,
and is able to separate from the defect sooner (see Fig. 1.8). Unfortunately, validating the
instantaneous thickness of the spreading drop can be difficult due to the outer thickness
of the spreading rim, however, Chantelot et al. [17] validated this equivalence through
simulation using the entropic lattice Boltzman method for multiphase flows.

1.3.2

Contact time

When the droplet coalesces before lift-off, the center remains stationary while the outer
rim advances and recedes back to the point of impact. This results in the contact times
achieved by the black squares in Fig. 1.7. This coalescence is previously visualized in Fig. 1.6
(a) and at We = 8 for rn > 0. When a needle is present, the center of the droplet dewets
the surface of the needle before the droplet lifts-off. This retraction of the center combined
with the simultaneous retraction of the edge increases the relative velocity of the outer rim
to the center, enabling the droplet to retract sooner than if only the outside edge were
retracting. This behavior correlates to the sudden drop in contact time from tc ≈ 13 ms to
tc ≈ 8 ms on Fig. 1.7 (a).
Increased impact velocity has little effect on the contact time of the droplet, other
than at the critical velocity of V ≈ 0.9 m/s previously identified for transition [13],[17] and
corroborated here (Fig. 1.7 (a)). Referring to Fig. 1.6, when We = 16 we see a droplet
coalescing when rn = 0.30 mm, but lifting-off as a torus for larger diameters. This explains
why the smallest blue ‘+’ in Fig. 1.7 (a) (tc = 17 ms) has a higher contact time than
the other needle diameters (larger blues ‘+’s) at the same We. This further shows the
dependence of contact time on the spreading and lift-off shapes.
In Fig. 1.7 (b) we see the effect of droplet radius on contact time. The two dotted lines
represent the measured contact time for 0.9 < V < 1.5 m/s on a flat surface (black) and an
augmented surface (blue) [13], [17]. For cases where impact velocity is in this range, and
somewhat higher than this range (17 <We <134), we see good agreement with predicted

13
8
17
33
42
50
67
134
> 216
Control

16

t c (ms)

14
12

30
25
20

t c (ms)

18

15

10

10

8

5

6

0
0

1

2

3

4

1

1.2

1.4

1.6

V (m/s)

r (mm)

(a)

(b)

1.8

2

Fig. 1.7: (a) Contact time (tc ) as a function of impact speed. Measured contact times show
reasonably good agreement to previous studies (dotted lines). Black dotted line at tc = 13
ms corresponds to the contact time of a droplet on a control surface, while the blue dashed
line at tc = 7 ms is the contact time of a droplet onto an augmented surface [13], [17]. The
slightly higher contact times in this study can be explained by considering the quality of the
substrate and possibly the size of the defect. (b) tc as a function of initial droplet radius,
r for previously measured control surfaces (black dotted line) and an augmented surface
(blue dashed line). Legend shows the corresponding We and the size of the symbol denotes
the size of the defect relative to the other defects. Data points are the average of 10 cases
and confidence intervals show the standard deviation between measurements.
trends. However, when impact velocity is outside of this range, there is the expected increase
in tc .
We further understand the effect different lift-off mechanisms have on contact time
by considering the spreading behavior. Upon closer examination of Fig. 1.7 (a), we notice
that for a given We, there appears to be some correlation between needle diameter and tc .
Fig. 1.8 shows a comparison between droplet impact onto a needle of rn = 0.30 mm and
a needle of rn = 0.76 mm in Fig. 1.8 (a) and (b) respectively. Here, both droplets form a
torus at lift-off, but the spreading event beforehand is different. In (a), we see the droplet
reach maximum deformation at t = Tm = 3.67 ms with the droplet still firmly attached to
the needle. This means the outer edge of the needle has already begun to retract towards
the center when the droplet begins to dewet the needle at t = Th = 4.67 ms, resulting in
a contact time of t = tc = 11.0 ms. In contrast, in (b), when the droplet has reached its
maximum spread at t = Tm = 4.00 ms, a clearly defined ring has already begun to form,
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having begun to pull away previously at t = Th = 3.67 ms.
(a)

t = 0.00 ms

t = 3.67 ms

t = 4.67 ms

t = 7.33 ms

t = 11.00 ms

t = 0.00 ms

t = 3.67 ms

t = 4.00 ms

t = 5.67 ms

t = 7.67 ms

(b)

Fig. 1.8: (a) Side and top views of a droplet of r = 1.57 mm impacting a needle of rn = 0.30
mm at 1.40 m/s (We = 42). Maximum spreading occurs at t = Tm = 3.67 ms and time
to hole formation is shown with arrows at t = Th = 4.67 ms. This is compared with (b)
a droplet of r = 1.54 mm impacting a larger needle of rn = 0.76 mm at the same impact
speed. In this case, Th occurs at t = 3.67 ms, before the droplet reaches its maximum
spreading diameter at t = Th = 4.00 ms. The measured effect of this needle diameter
dependent behavior on contact time is shown in 1.10.

If we expand on fig. 1.8 and consider the time to hole formation (Th ) relative to the
time to maximum spread (Tm ) for multiple needle size and We, we are able to see the effect
of these parameters on Th . Fig. 1.9 shows the top views of droplet impacts on different
needle sizes as a function of We. Considering when rn = 0.76 mm, as We increases, there
is a pronounced increase in the maximum spread of the droplet as shown previously in
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Fig. 1.5 (b), as well as an increase in the number of satellite droplets formed. Before We is
sufficiently high to form satellite droplets (∼ We = 67), the spreading film of the droplet
can be seen retracting from the needle at the point of impact. However, as We continues
to increase, satellite droplets readily form and the center retraction is delayed until after
the time of maximum spread (Tm ). Interestingly, at We = 8 and We = 217, the size of the
needle does not affect Th or the formation of satellite droplets. For a given intermediate
We (We = 17 or 33), we observe a similar behavior as discussed in fig. 1.8, showing that
in this We range, Th < Tm for larger needles and Th > Tm for smaller needles.

0.76

rn
0.53
(mm)

0.30

8

17

33

67

133

217

We

Fig. 1.9: Top views of droplet impact at the time of maximum spread (Tm ) for each needle
as We increases from left to right. Viewing the droplet impacts at this instant in time gives
a qualitative measure of the effect that needle size and We have on Th . Combined with
Fig. 1.10, we are able to quantitatively show that a larger needle size cause the spreading
film to dewet a needle sooner than a smaller needle for a given We.

The effect of the timing of the hole formation (Th ) relative to the time of maximum
spread (Tm ) is shown in Fig. 1.10 (a). When We <17 (black symbols), there is no correlation
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between the parameter t/τ and needle diameter, shown by the relative size of the symbols.
When We is in the intermediate range described (blue symbols), we see t/τ decrease as
needle diameter increases for the same We. In this range, minimizing the ratio Th /Tm
leads to a reduced contact time. As the center takes longer and longer to retract from the
needle (increasing Th ), the contact time increases. This increase in the time required for
the droplet to retract from the center is more pronounced for smaller needle diameters,
as expected because the similar thickness requirement for dewetting. This behavior is
visualized in Fig. 1.8 when the spreading film retracts from the needle at t = 4.67 ms after
the spreading outer rim has reached its maximum diameter (t = 3.67 ms). Another feature
shown in Fig. 1.8 is the different height of the needles. Different height were used in order to
offer a more true comparison between geometries (pointed post as opposed to cone). High
speed imaging showed visible deformation of droplets as they impacted needles of all sizes,
but any slowing of the impinging droplet due to viscous damping can be neglected due to
the high inertial component. The added height of the large needle did not adversely affect
the contact time, as has been shown in Fig. 1.7 (a).
As We increases from 50 to 134 (red symbols), we see similar contact times, but a less
pronounced dependance on needle size. This transition corresponds to the transitional We
>60 when the torus shape begins to break up into satellite droplets shown in Fig. 1.6. With
more of the mass leaving in the form of satellite droplets, the spreading droplet begins to
tear unevenly and there is no uniform bi-directional retraction, indicating a new lift-off mode
that is less dependent on defect geometry and more on intertia. This bi-directionality is not
unique to this geometry and is also seen in smaller point defects and ridge arrangements[13],
[16], [17].
Fig. 1.10 (b) supports the findings in (a) by showing a negative trend between t/τ and
W edef . When viewing this trend for W edef < 60, it may be tempting to conclude that
increasing W edef by either increasing the needle size or by increasing the impact speed
will continue to drive down the contact time of the droplet. However, if the inertial force
were to continue to increase, it would eventually dominate the interaction of the impinging
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Fig. 1.10: (a) Dimensionless contact time as a function of the time to center retraction (Th )
normalized by the time to maximum spread (Tm )(a) and as a function of W edef calculated
using the defect radius (b). Blue lines in (a) are meant to highlight the dependence of
contact time on needle size for a given We in the intermediate range of 17 < W e > 50.
As needle size increases from right to left and top to bottom, tc decreases. Outside of the
intermediate range, we see no trends based on needle size. Legend shows the corresponding
We and the size of the symbol denotes the size of the defect relative to the other defects.
Confidence intervals shown are the standard deviation of 10 measurements.
droplet, to the point where surface tension would have little to no effect. We see this when
We >200, made clear by the convergence in contact time of the droplet with the contact
time of a control surface in Fig. 1.7 (a). When considering the large standard deviation in
the measurement Th /Tm , Fig. 1.10 (b) supports the argument that a larger defect allows
the droplet to dewet the needle sooner, resulting in a smaller contact time.
In Fig. 1.11, we again see physical reason why the contact time at We >200 is the
same for the contact time on a control surface. In (a), the droplet has impacted the surface
with such force that the formation of a torus gives way to thinning and then ripping of the
liquid film, resulting in widespread, non-uniform bi-directional retraction prior to lift-off.
In (b), we see the same thinning ad ripping before the same lift-off shape, indicating the
needle does not drastically affect the spreading droplet. From this we can conclude that
at extreme We (We <8 and We >200) the spreading and lift-off characteristics are the
same for both the control surface (a) and the augmented surface (b). Thus, the augmented
surface has no effect on contact time when surface tension or inertia is totally dominant.
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t = 0.00 ms
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Fig. 1.11: (a) Side and top views of a droplet of r = 1.63 mm impacting a control surface
and (b) a needle of rn = 0.52 mm at 3.19 m/s (We = 217). The droplet resists the presence
of the needle (b) and exhibits the same morphology for droplet impact on a control surface
(a), indicating the needle is ineffective at this We.
Fig. 1.12 shows the results of this study when compared with other prominent studies
on droplet impact onto rigid, super-hydrophobic augmented surfaces. In (a), dimensionless
contact time is shown as a function of We calculated with the defect radius, revealing that
all of the previous studies show similar results for contact times for similar We ranges
(with the exception of Liu et al. [19]). In Fig 1.12 (b), we present Fig 1.3 to illustrate
how the presence of the needle and We affect the contact time of an impinging droplet.
When We is sufficiently small (< 15) as indicated by the vertical dotted line closest to zero,
surface tension forces dominate the interaction of the spreading droplet, and the measured
contact time is the same for an augmented surface as it is for impact on a control surface.
Similarly, when We is sufficiently high (> 200), inertial forces dominate the event and we
see the contact time on the augmented surface converge towards the contact time on a
control surface. However, when surface tension and inertial forces are roughly equal to each
other, there is an interplay between the two that is heavily influenced by the presence of a
macrostructure on the surface. This dependence on geometry can be further understand by
comparing the size of the macrostructure to the size of the impinging droplet. When the
size of the defect is sufficiently small compared to the droplet, (rn /r < 0.2), the actual size
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of the defect does not affect tc , and any kind of defect will induce the same reduction in tc .
However, as the size of the defect relative to the size of the droplet increases, tc becomes
sensitive to the size of the defect, resulting in the behaviors discussed previously.
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Fig. 1.12: (a) Comparison between contacts times measured in this study with those measured in previously referenced studies [13], [16], [17], & [19] as a function of We calculated
using the defect radius (rn ). Measured contact times are in good agreement with previous
studies, particularly with surfaces exhibiting a similar augmented feature [17]. (b) Fig. 1.3
divided into sections showing contact time dependence on defect size and We. In between
vertical lines at We = 15 and We = 200 is the We range where a defect’s presence influences tc . Shaded squares in this intermediate We range indicate the conditions when tc is
dependent on the size of the defect (upper square) and when tc is reduced by all defect sizes
(lower square).

1.4

Conclusions
As shown in Fig. 1.12 (b), contact time (tc ) is dependent on defect diameter for rn /r >

0.2 and when 18 < We < 150. Additionally, when surface tension or inertia is dominant
at very low or high We, the presence of the defect does not affect the contact time of
the droplet. Therefore, the effectiveness of a surface in reducing the contact time of an
impinging droplet, and the subsequent application of this surface, is highly dependent on
We. For low We applications such as spray coatings or nucleate boiling, introducing a
defect will have a measurable reduction in contact time. However, at high We numbers,
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the effect of geometry is less noticeable, to the point where eventually, the defect has little
influence on the droplet behavior. Inertia dominates so heavily at these We such that
surface tension cannot interact with the defect in any meaningful way. This may rule out
the use of macrotextured hydrophobic surfaces as a viable solution to resisting wetting
effects in rainfall. However, at low impact speeds we show that specially crafted augmented
surfaces are not necessary to reduce the contact time of an impinging droplet, but are
perhaps necessary to maximize the benefits associated with augmenting a hydrophobic
surface. Although we also noticed that inexpensive substrates may yield large variations in
measured contact times.
For each type of macro-textured surface, while there may be different spreading morphology upon leaving the surface, (e.g. capillary action, bi-directional retraction), they all
provide a comparable contact time, leading to the conclusion that perhaps the method of
introducing macroscopic features onto a surface to obtain super-hydrophobicity has its own
limits.

1.4.1

Suggested improvements

A calibrated needle would allow for a more controlled variance in droplet diameter.
This would have been especially useful in comparing our surface to other surfaces and the
results they obtained. This better comparison in the simple parameters may have enhanced
our understanding of how the substrates tested here compare to others.
Another improvement would be provide a way for stabilizing the falling droplet. The
stand that held the droplet producing needle was separated from the syringe pump, so any
vibrations from the syringe pump would be damped out by the tube connecting the two, but
there was still considerable variability in the placement of the drops. At low drop heights
(h<12 cm) this was not an issue, but as the drop height increased, the droplets experienced
vortex shedding and it was increasingly difficult to get an impact where the droplet struck
the needle on the centerline. A paper tube was constructed at one point with the diameter
sufficiently large to neglect wall effects, but this did not seem to help with the accuracy.
Due to the nature of the coating, higher impact speeds removed the coating more quickly,
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and so fewer tests were performed before we had to stop and re-coat the surfaces. Improving
the accuracy of the drops would help reduce the number of test required.

1.4.2

Future work

It remains to be seen if there is indeed an optimal macrotexture configuration for increasing hydrophobicity, particularly in certain We ranges. With the variability in measured
contact times and the different coatings used between studies, it is hard to definitively say
that one method is better than another. Our substrate was less rigid than ones machined
from aluminum, but the contact angles achieved were very similar. While droplet impact on
non-rigid surfaces has been studied, there have been no studies that we found that examined
an augmented non-rigid surfaces.
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CHAPTER 2
Motility of the cyanobacterium Microcoleus vaginatus in light and heat

2.1

Introduction and background
Microbes have evolved a wide array of strategies for movement that are as diverse as

the environments in which they live. Many aquatic microbes move from place to place using
multiple cilia or flagella to move in swarms [24]. Other bacteria have type IV pili which
they employ in a movement known as “twitching motility” in order to create asymmetric
movement, a method necessary in Stokes, or creeping, flow [25]. These methods are most
common on wet or moist surfaces and their mechanics are well understood [26], [27],[28].
However, it is less understood how bacteria move in a mixed media that contains a mixture
of inorganic and organic particles, water, and air, such as soil. Many bacteria in these
environments employ gliding motility, using different types of “motors” to generate forward
motion rather than cilia or flagella [29], [24], [30], [31]. These “motors” are diverse, ranging
from physical manipulation in the form of contractions of the bacteria length to chemical
means of propulsion in the form of secretion organelles and focal adhesion complexes.
Microcoleus vaginatus is a common cyanobacterium that lives in the upper 1 cm of
desert soil and is the pioneer species that can establish in disturbed soil aiding in soil aggregation [32],[33] [34]. It is also known to be motile, particularly during wetting events [35].
However, the mechanism of this motility is still unclear as M. vaginatus does not possess a
cilia or flagellum, or if that movement is even possible within a non-fluidic environment such
as the uppermost millimeters of desert soil (see figure 2.1). There exists amongst cyanobacteria a wide variety of physiological responses and adaptiations to external stimuli, such as
light, even amongst species in the same genus [36]. Therefore it is difficult to generalize
from the results that rely on only a few well studied species such as Anabaena variabilis or
Phormidium uncinatum, two large filamentous cyanobacteria [37], [36].
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M. vaginatus is of particular interest to biologists because of its ubiquitous and critical
presence to desert ecosystems such as the Colorado Plateau and Mojave Desert[38]. It has
been shown that after a wetting event, such as rainfall, these bacteria will move to the
surface and exhibit noticeable greening of the surface in as little as 15 minutes [39] indicating a substantial increase in biomass. This increase in biomass is a result of cell division
and growth as well as entanglement and cohesion of individual trichomes through their
polysaccharide secretions [40]. This cohesion can be visualized by comparing the clusters
of cyanobacteria to a woven fabric, and individual trichomes to threads. As more and more
bacteria cluster together and form new polysaccharide sheaths, they form larger “fibers”.
As more and more “fibers” come together, the “woven fabric” becomes larger and more
integrated. These fabrics eventually consist of millions of trichomes which drastically increase soil adhesion and allow for the subsequent growth of other algae, bryophytes, lichens,
fungi, and bacteria [34]. Fig. 2.1 shows strands of M. vaginatus at varying magnifications
to illustrate the clumping behavior common to this species.
When conditions become unfavorable such as observed during desiccation, M. vaginatus
will move back under the soil surface and enter a dormant state until the next wetting event
[39]. Chen et. al. [40] showed that the most favorable conditions for growth is between
300 - 700 µmole/m2 s and 20 - 30 ◦ C. Common exposure conditions in the Mojave Desert
range from 20 - 36 ◦ C and 10 - 15 percent relative humidity (% RH) in the summer to
1 - 13 ◦ C and 30 - 50 % RH in the winter [41], with maximum levels of % RH seen at
night time and after rainfall. Natural light intensities can range from 0 µmole/m2 s at night
time to 2000 µmole/m2 s at midday in the Mojave Desert [42]. A µmole in this instance
is the number of photons in a mole and when divided by an area and a time is a measure
of light intensity in terms of power per area [43]. It has been shown that germination in
seeds is generally unaffected at depths up to 4 mm under the soil [44], implying constant
light or soil moisture conditions, but the actual light level that exists at those depths is less
clear. As M. vaginatus lives in the upper 1 cm of soil [32], it can be reasonably assumed
the light levels measured above the surface will be similar to what is experienced below the
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Fig. 2.1: M. vaginatus is commonly found in the winter rain dominated deserts of North
America in the Mojave Desert or Colorado Plateau (a). Images of M. vaginatus in situ (b),
and at increasing magnification, (c), (d). As shown in (a), M. vaginatus is visible without
any magnification. The seeming single strands of bacteria are actually clumps of tens to
hundreds of individual trichomes (c), (d).
soil surface, although likely somewhat less intense.
Due to its ability to rapidly migrate to the surface and back during and after wetting
events, it has been suggested that M. vaginatus possesses an anticipatory ability to detect
these changing and unpredictable conditions [35]. However, it is unclear if this behavior is
predicated on external factors such as nutrient levels, soil moisture content, temperature,
or light intensity, or if the bacteria is simply transported to and from the surface through
fluid transport. As such, my objective was to investigate the Cyanobacteria’s capacity for
unassisted, two-dimensional movement as well as their sensitivity to two basic phenomena;
heat and light. This study will serve as the basis for research into the motility mechanism. Based on previous studies of filamentous cyanobacteria [45], it was predicted that the
cyanobacteria would respond to intense light and high temperatures by exhibiting magnitudes in velocity and displacement, thus exhibiting a negative phototactic response. Little
to no movement is expected for zero to low light levels and colder temperatures.
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2.2

Methods

2.2.1

Sample collection

M. vaginatus strain WJT46-NPBG5 was isolated from a composite soil sample collected
from Joshua Tree Nat. Park, CA, west of Eagle Mountains, Colorado Desert, USA (33
49’08” N, 115

◦

◦

45’50” W 796 m.a.s.l.) by Dr. Nicole Pietrasiak on 16 July, 2008. Soil

collected was sandy, gravelly and contained well developed algal crusts. The strain has been
grown and maintained in Pietrasiak’s culture collection since 2008 using Z8 medium [46].
Upon arrival at Utah State University, vials of sample were stored at room temperature
and exposed to fluorescent lighting for 8 - 10 hours a day.
Testing for organism response to heat and light was divided into two independent series
of tests designed to simulate conditions in a desert environment. During testing, room
temperature and humidity are monitored while light intensity and slide temperature are
controlled and monitored. Microscope slides with agarose pads served as observation units.
Slides were prepared with sterilized 1% agarose solution and inoculated with a unialgal
sample of M. vaginatus according to the method found in Appendix B. Based on results
from previous studies [35] for a similar cyanobacteria Oscillatoria sp., nutrient levels, pH
levels, or other chemical levels are not manipulated in this study. Observing and measuring
the speed and general motion will be the key in determining whether or not M. vaginatus
is influenced by heat and light levels.

2.2.2

Light testing

Inoculated slides were placed inside a box under a constant light source for 10 minutes,
then taken out and placed under a microscope at a total magnification of 50x for approximately three minutes of imaging. Taking images in the zig-zag pattern shown in Fig. 2.2
resulted in 16 images, allowing for a large portion of the slide to be imaged each time the
slide was placed under the microscope. While applied light gradients varied between tests,
for a single test, cyanobacteria were exposed to a static, 2-dimensional light gradient while
in their boxes at a constant temperature. This process of removing the slide from the con-
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trolled light environment and imaging every 10 minutes was repeated for approximately 2-4
hours. While inside the box, temperature and humidity information was recorded using an
Arduino and DHT11 temp/humidity sensor. Average room temperature during testing was
19.5 ◦ C ± 2.4 ◦ C and average % RH was 55.5 % RH ± 7.5 % RH. Inside the boxes that
held the slides, the temperatures were slightly lower at 18.9 ◦ C ± 2.3 ◦ C while the % RH
would vary as much as 5 % RH above and below 68.2 % RH.
The intensity of the light in the box had very little effect on the overall temperature
inside the box as nearly constant temperatures were recorded across all light intensities.
The slow evaporation of the agar pad on the slides contributed to this variation in % RH
when it was removed from the box. This evaporation did not affect the movement of the
cyanobacteria due to the disparity between timescales for drying and measured bacteria
movement. To ensure this evaporation did not cause movement, we performed tests with
a heated slide and no coverslip on the agar pad to observe how rapid evaporation would
affect movement. It was apparent that there was drifting due to evaporation in these cases,
manifest in lateral movement perpendicular to the longitudinal axis. We observed no lateral
movement for cases reported here (cases with a coverslip).
Natural light intensities can range from 0 µmole/m2 s at night to 2000 µmole/m2 s at
midday in the Mojave Desert [42] with predominant wavelengths between 600 and 800 nm
(Appendix C). In order to simulate natural light conditions, light intensity was varied by
adjusting power level supplied to a high power white LED with dominant wavelengths of
440 nm and 600 nm. Referring to Fig. 2.2, depending on the height of the box being used
(a), the bacteria on the slide would experience one of the three light distributions shown
(c). These different light gradients were made possible by the natural diffusion of light (xdirection) and the internal bar (y-direction) mentioned in (a). Light will spread according
to the inverse square law which states that the intensity at a given point will be equal to
S
,
4πr2

where S is the power level at the source and r is the distance from the source. This

behavior results in the shallower light gradient along the x-direction, while the internal bar
causes an interruption in this behavior and a much steeper gradient in the y-direction. This
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Fig. 2.2: (a) Side view cutaway of box used for light tests. (1.) Light source (LED), (2.)
Internal bar creating steeper light gradient in Y-direction. (3.) Inoculated microscope slide
showing the measured gradient for the tall box. Inset (b) shows the top view of the slide
inside the box (a) as well as the imaging method. (c) Shows the three different boxes used
to create varying light gradients shown from shortest (left) to tallest (right). Colors are
percentages of maximum intensity dictated by power level.
bar’s position was fixed inside the box and always extended the same height above the glass
slide, regardless of the height of the box being used. Varying the height of the box while
keeping the position of the internal bar relative to the slide fixed allowed for the location
of the sharpest transition between light and dark to remain fixed while still changing the
light gradient along the x-direction.

2.2.3

Heat testing

The nature of the light gradients applied allowed for capturing general motion over an
extended time period for light sensitivity testing, while the applied heat gradient allowed
for capturing initial response during heat sensitivity testing. During temperature testing,
cyanobacteria were exposed to a time varying, 1-dimensional temperature gradient at a
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constant light level of 42 µmole/m2 s from the microscope light. Slides were placed under
the microscope and left stationary for the duration of testing (30 minutes), with images
being taken every 90 seconds. Initial temperatures and % RH were 19.5 ◦ C ± 2.4 ◦ C and
55.5 % RH ± 7.5 % RH respectively.
Under these conditions, three sets of tests were performed; one at room temperature,
and two with a positive and negative temperature gradient. During the room temperature
testing, the slide was held constant at room temperature (23.3 ◦ C ± 0.65 ◦ C) for the
duration of testing. Referring to Fig. 2.3, for the positive temperature gradient, both sides
of the slide began at room temperature, then TH was heated to 55 ◦ C while TC was cooled
to 15.4 ◦ C until it rose slowly back to room temperature (∼ 13 min). For the negative
temperature gradient, TH was maintained at room temperature while TC was cooled to
11.0 ◦ C until rising to room temperature for steady state. Uncertainty in thermocouple
measurements was ± 0.65 ◦ C at 95% confidence. Temperatures were measured with a
Vernier Labquest Mini connected to three 20 KΩ NTC thermistors placed at locations 1,
2, 3 on the bottom of the slide. Local temperatures were calculated using the transient
form of the finite difference equations for two-dimensional conduction (eq. 2.1 [47]). These
solutions were confirmed through use of the general solution to the one-dimensional heat
equation assuming heat transfer from conduction is linear through the homogeneous glass
slide. A more complete discussion of this analysis is included in appendix E.

p
p
p
p
p+1
p
Tm,n
= F o(Tm+1,n
+ Tm−1,n
+ Tm,n+1
+ Tm,n−1
) + (1 − 4F o)Tm,n

2.2.4

(2.1)

Image processing

Image based measurements produced 16 images at 9 - 12 time steps over 2 - 3 hours for
light sensitivity tests, and 5 images at 18 - 23 time steps over 30 minutes for temperature
sensitivity tests. An example of images produced at one time step is shown in Fig. 2.4 as
well as the path of one bacteria over all the time steps. These types of images were taken
with a Sony DLSR camera and processed using MATLAB codes developed to isolate and
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Fig. 2.3: Slide layout for heat tests. Peltier junctions on either end provide the temperature
gradient across the x direction. Heat sinks were attached to allow for greater heat transfer off
the peltier junctions, thereby achieving greater temperature differences. Imaging is focused
around the positions 1, 2, or 3 along the Y direction to account for the uni-directional
temperature gradient.
track the position of user indicated filament.
As a result of locating the centroid of individual filament, these images provided information about filament length, position, velocity, light level exposure and local temperature.
The MATLAB code used to process these images can be found in Appendix F. The process
of tracking cyanobacterial filaments was only partially automated owing to the difficulty of
following the correct filament as it travelled. When viewing images, it is often necessary to
go back and forth between images several times to be sure which cyanobacterial filament
is which. Because of this difficulty, when using the code, the user selects the filament in
question by drawing a box around the filament. The code then processes the image and
locates the centroid of the filament. This process is repeated for the same cyanobacterial
filament in each frame. Then, if there are more cyanobacterial filaments present in the image, the process is repeated until all the bacteria in the frame have been located and tracked
over all time steps. This process is repeated for each set of images taken. The number of
cyanobacterial filaments on each slide varied due to the variability in the placement method
(anywhere from 15 - 200 bacteria). Fig. 2.5 shows the result of the image processing (a), (b),
on a raw image (c). The green and red symbols show the path a filament traveled while the
blue squares represent a non moving mass used as a reference point for determining both
relative velocity of the cyanobacteria as well as their overall location on the slide relative to
a corner of the slide. Knowing this overall location of the bacteria allowed for correlation
between measured light gradients and local temperatures.
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(a)

t = 0 min

t = 10 min

t = 34 min

t = 52 min

t = 78 min

(b)

Fig. 2.4: (a) Complete scan of slide at one time step created from taking 16 individual
images. For temperature sensitivity testing, only 5 images were taken consecutively along
the y-direction. (b) Zoomed in view of the isolated square from (a) shows the path of two
bacteria from one of the 16 sections tracked over time.
2.2.5

Statistics

As shown in Fig. 2.6, uneven sampling occurred when testing for light intensity sensitivity. Therefore, statistical tests for significance between velocities at different light levels
were performed in MATLAB-R2018a using the anova1 function. To account for unbalanced
sampling, a set of 311 measurements (the number of measurements in the least sampled intensity grouping) were randomly picked from three light intensity groupings, zero, mid, and
high. These groupings will be discussed in further detail in the Results and discussion section. Statistical analysis between the velocity magnitude and velocity components at high
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Fig. 2.5: a) Example of a typical 4 x 2.6 mm image produced from imaging and processing
methods. Blue squares denote the reference point while red and green plus signs indicate
the traveled path of two separate bacteria. (b), (c) Image processing method to locate the
centroid of a given bacteria. After a cyanobacterial filament has been isolated by the user
(b), image processing isolates the bacterium by thresholding and finds the centroid (c), then
plotting it on the original image (a).
light levels to those velocities at the lower levels showed P values on the order of 10−20 .
These are significantly lower than the 5% threshold normally used, so we are confident that
more testing in high light levels would yield the same results. Appendix D contains the
detailed results for these tests.

2.3

Results and discussion
Random placement of cyanobacterial filaments resulted in uneven sampling of light in-

tensity levels, despite using different boxes and current levels to induce variability. Fig. 2.6
shows the initial light intensity for each filament tracked during the light sensitivity experiments. Also shown is the result of processing all the images like the ones shown in Fig. 2.5
on a given slide; a vector plot of all the filaments tracked on that slide. From plots like
this, we know that a random filament of length 150 µm experienced an initial light level
of 465.8 µmole/m2 s and moved at an average rate of 9.7 ∗ 10−2 µm/s over 4 hours. The
orientation, given by φ, showed the bacteria moved primarily at 38 ◦ , resulting in no net
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Fig. 2.6: (a) Characteristic vector plot for one slide. The same color in a cluster of arrows
represent the path of one filament through time. Different colors in that same cluster represent different filaments. The angle φ represents the orientation of the filaments measured
from the x axis. (b) Initial light levels for each bacterium. The total number of filaments
tracked was 388.
change in light level. While this result is not typical of all bacterial filaments tracked, from
information like this we can gain insight into movement patterns and behaviors as it relates
to the light intensity they are experiencing. The path line of the bacteria is not considered,
so it is possible that with shorter sampling periods, a different pattern of vectors would
arise, however, when compared with the measured velocities from the heat experiments, it
is unlikely the bacteria were moving more than what was observed. While it would appear
informative to compare initial and final positions to see what light levels the bacteria migrate towards, this study would heavily depend on how long imaging took place. Limiting
factors such as agarose longevity and imaging procedures makes tracking single filaments
or a number of filaments over their lifespan impractical. In order to offer meaningful comparisons, we therefore focus on analyzing velocity and how it varies with light intensity and
temperature.

2.3.1

Light response

Results from light sensitivity tests revealed a higher average velocity magnitude for
cases where bacteria were exposed to intense light levels (> 800 µmole/m2 s) as compared
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to bacteria at lower light levels (< 800 µmole/m2 s). Fig. 2.7 shows velocity magnitude at
every time step for each bacterium tracked as a function of light intensity. Insets show
the average and standard deviations of velocity magnitude for groupings of bacteria based
on the light level they are exposed to. At the measured speeds minimum and maximum
speeds of 0.01 - 8 µm/s ± 3 ∗ 10−3 µm/s, these bacteria would be able to travel between
0.036 - 28 mm/hr, assuming terrain and energy levels remained constant. The upper limit
suggested here may be unrealistic without considerations of gravitational fields, physical
obstacles, and available cellular energy, but the distance of 3 - 5 mm in ∼ 20 minutes that
is traveled during wetting events [35] could be easily traversed in the observed times at
these speeds. This would indicate that they are physically capable of moving to the surface
on their own, but this result alone does not necessarily indicate they move to the surface
because of favorable light conditions.
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Fig. 2.7: Velocity magnitude as a function of light intensity for cases exposed to no light
(Zero), 0 - 800 µmole/m2 s (Mid) and greater than 800 µmole/m2 s (High). Velocity magnitude is calculated for each filament at each time step. When the velocity magnitude is lower
than the uncertainty (± 3 ∗ 10−3 µm/s at 95 % confidence), it is set to zero. The average
and standard deviations for all non-zero magnitudes are shown in the inset. Vertical dotted
line represents the highest expected light intensity in the Mojave [42].

Fig. 2.8 shows the orientation of each filament based on amount of light they are exposed
to. At lower light levels (< 800 µmole/m2 s), there appears to be random orientations with
no preference given to a particular angle, however, higher concentrations of bacteria can be
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Fig. 2.8: Angle (φ) of the filament as a function of light intensity for the same delineations
as in Fig. 2.7. Insets show the mean and standard deviations for the x and y components
of the velocity, calculated in a similar manner as the velocity magnitude. Vertical dotted
line again represents the highest expected light intensity in the Mojave. Shaded ovals in (b)
represent the clustering of bacteria seen in (a) between angles of -45 ◦ and 45 ◦ and 135 ◦
- 225 ◦ . This clustering and tendency towards higher velocities in the x direction result in
an overall motion as shown by the two large arrows in (b).
seen orienting themselves between the angles -45 ◦ and 45 ◦ or 135 ◦ and 225 ◦ when exposed
to high light levels. These ranges of angles are delineated by the horizontal lines and the
shaded areas on 2.8 (b). Considering both the orientation of the filaments and the velocity
magnitudes gives credence to the claim that exposure to higher light intensities results in
higher velocities as well as an attempt to escape those light intensities. While Fig. 2.8
(b) does not contain actual data, it does show the measured trends for bacteria movement
under intense light conditions. Due to the unequal magnitudes of the light gradient between
the x and y-directions, when the bacteria are oriented between the previously mentioned
angles, it is an indication the bacteria are trying to move themselves out of their current
gradient. This behavior is reasonable because it has been shown that many filamentous
cyanobacteria in soil or hot spring environments develop protective pigments to protect
against photo damage in intense sunlight conditions [45].
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2.3.2

Temperature response

Temperature sensitivity testing showed little preference for temperatures based on velocity magnitude or orientation. Fig. 2.9 shows the same y-axes as figures 2.7 and 2.8, but
with local temperature on the x-axes. As shown, while the average velocity components and
magnitude is only slightly higher for cases where a high temperature gradient was applied,
the standard deviations are much larger. This larger range in velocities indicates a greater
aversion to high temperatures than low temperatures. While the preference for angles which
align bacteria along the horizontal, or x-axis, is less noticeable, the magnitudes of the variations in the x-component of velocity are twice as large as those in the y-direction. This
aversion to higher temperatures is likely due to the decrease in photosynthesis at higher
temperatures and light conditions [48]. At lower temperatures (<22 ◦ C), average velocity
is slightly lower, but the variations are much lower, indicating there is rarely any kind of
fast movement. This could be the result of conditions being optimal for photosynthesis, or
a lack of sufficient energy to move towards optimal conditions [49]

2.3.3

Observations

Occasionally, larger clumps of filaments (> 100) would be deposited on the slide
(Fig. 2.10 (a). Observations showed these clumps never moved as a whole, although an
equal number of cyanobacterial filaments were seen regularly moving into or out of the
mass. Due to this behavior, it’s possible that given enough time individual bacteria would
simply congregate in the already formed masses and not necessarily towards any ”favorable”
light or temperature level. This behavior can be explained by the species’ tendency to form
biocrusts. These clumps would potentially form the basis of new biocrusts if these bacteria
were in a natural habitat. The survival of these congregates would then be based on the
conditions where they were initially deposited, not necessarily because of the motility of the
individual bacteria, although individual movement is normally required for forming these
clumps. In seeming contrast to this behavior, it was also observed that when bacteria were
clumped together in numbers between 5 - 30 filaments they would tend to congregate for
a short time (Fig. 2.10 (b), and then move away from each other. A possible explana-
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Fig. 2.9: (a) Velocity magnitude as a function of local temperature for cases where they were
exposed to a large heat gradient, no heat gradient, and a smaller heat gradient with cooling
as indicated in the legend. Local temperatures varied over time more than by location. Inset
shows the mean and standard deviations of the velocity magnitudes for each case, calculated
as discussed in Fig. 2.7. Horizontal lines correspond to the average velocity magnitudes
for the high light intensity (solid green) and medium light intensity (solid black) cases
discussed previously. The average velocity magnitude for the high temperature gradient
(dotted red) is also shown. (b)Angle (φ) of the filament as a function of light intensity for
the same delineations as in (a). Insets show the mean and standard deviations for the x
and y components of the velocity, calculated in a similar manner as the velocity magnitude.
Unlike the cases where light intensity is varying, there is little preference shown for one
direction.
tion could be that because their survival is based around forming complex structures and
binding together, and once they determine their current situation will not allow them to
make sufficiently large reticulate mats, they move on to try and form larger congregations
elsewhere.
These two behaviors could imply that proximity to the largest biomass, or at least
a large biomass, would influence movement or provide motivation for bacterium to travel
to sites where they are already in large numbers. However, no correlations were observed
between velocity and proximity to the next nearest bacterium. Additionally, there was no
correlation observed between filament length and velocity magnitude; short filaments were
able to move at the same velocities as larger filaments. It is possible that M. vaginatus
adheres to a hierarchical list of motility motivators. For instance, in this study, the highest
priority would be to avoid intense light levels (given the higher velocities in intense light
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levels compared to velocities in high temperatures), then perhaps to try and form reticulate
mats by migrating towards large concentrations of bacteria, and then to avoid undesirable
temperatures. This is not to say that other factors such as nutrient levels, soil moisture
content, or the presence of other organisms wouldn’t fit into this hierarchy, but based on
measured velocities and observed movement patterns, it would suggest their motility is
influenced by more than just one dominating environmental condition. This is indicated in
the measured response of M. vaginatus to oxidative stress, indicated by an increase of ROS
scavaging genes that help protect DNA from oxidative damage [39]. Oxidative damage is a
a result of oxidative stress, a common product of desiccation, which is a product of intense
light levels or high temperatures.

a

b

c

t = 0.00 min

t = 4.62 min

t = 9.75 min

t = 14.91 min

t = 19.99 min

Fig. 2.10: (a) Large clumps of M. vaginatus remain stationary while individual filaments
move to and from the mass. (b) Small clumps (5 - 30 bacterium) will cluster together
initially, but then move outward in all directions. (c) Oscillatory motion shown by the
moving filament. This behavior was commonly observed over all light levels.

It is clear from Fig. 2.10 that an individual filament can move with or without relying
on another bacterium. One test was performed with no coverslip to determine if the hard
surface of the glass, comparable to the solid surface of desert soil, is essential for movement.

38
Measurements show similar speeds and movement patterns for these cases when compared
to cases with a coverslip applied. A commonly observed movement is an oscillating pattern,
exemplified by 2.10 (c), where the bacteria will travel in one direction, then in the opposite
direction, normally resulting in a negligible amount of overall change in position. No turning
is required for this change, although turning can be achieved through lateral bending.
Travelled paths are often more than one body length of a trichome and do not necessarily
follow the same path in the opposite direction. Movement behaviors and patterns observed
are corroborated with earlier studies of filamentous cyanobacteria [45].

2.4

Conclusion
Large filamentous cyanobacteria clump together to form the basis of biological soil

crusts in many desert ecosystems. This clumping behavior is vital to the development
of those crusts and is contingent upon certain environmental conditions. While it was
not the primary objective of this study to determine the overall natural conditions for
this clumping to occur, it was found in a laboratory setting that M. vaginatus exhibits
a phototactic response when exposed to light levels greater than 800 µmole/m2 s. This is
in good agreement with previous studies on filamentous cyanobacteria. When exposed to
varying temperature gradients, M. vaginatus exhibited no directional preference, but merely
an increase in velocity magnitude when temperatures rose above ∼ 30◦ C. It is also shown
that bacteria are capable of motility with or without other bacteria and across all measured
filament lengths.

2.4.1

Suggested improvements

A major drawback during this experiment was the inability to accurately place bacteria.
The placement method for bacteria consisted of shaking the vials to break up the intensely
tangled filaments, using a micropipette to extract 1 mL of solution to then place on the
agar pad. This method provided hundreds of bacteria on a slide when done properly, but
regularly, it was difficult to place the bacteria in the pertinent light gradients. An automated
stage or micrometer would also help reduce the sampling time as well as the uncertainty
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associated with the location of each bacterium. For preliminary testing, the Microscopy Core
Facility provided a microscope with an automatic stage, but the stitching software regularly
misaligned images and made accurately tracking bacteria difficult. Another improvement
that could be made would be to acquire more accurate humidity and temperature sensors
to reduce the uncertainty in those measurements.

2.4.2

Future work

There are many areas in which to pursue this research. This study used a very basic and simplistic environment to study a bacteria that normally inhabits a very diverse
and complex ecosystem. While it was necessary to eliminate most of these other factors
to determine basic motivators and to establish if unassisted motility can occur, studying
this species in a more diverse environment would prove informative for more practical environmental situations. Introducing gradients in pH, O2 , or N2 levels would help determine
if their presence motivates the bacteria to migrate to the surface during wetting events.
Adding a gravitational field in the form of a thin soil sample or a bed of porous material
such as glass beads would also be extremely informative in determining natural response
to harsh conditions, but would be more difficult to image. Our tests showed that when
exposed to high light conditions, bacterium employed movements to try and move to a
less strenuous environment, but it is likely that they would move down ”under the soil”
as it were, mimicking their natural response to desiccation. In situ measurements of light
intensity, pH levels, O2 soil levels, moisture content, and temperature would be very useful
in corroborating between laboratory settings and findings and their natural environment.
Motility mechanisms can be examined more closely once we have determined clear motility
motivators.
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APPENDIX A
Syringe pump
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BS‐8000 Specifications

Syringe sizes:

Up to 60 cc

Number of syringes:

1

Motor type:

Step motor

Motor steps per revolution:

400

Motor to drive screw ratio:

15/28

Drive screw pitch:

20 revolutions/”

DC connector:

2.1 mm, center positive

Voltage at DC connector:

11V DC at full load

Amperage:

750 mA at full load

Power supply type:

Unregulated linear external wall adapter, country and power
source specific

Power supply output rating:

9V DC @ 1000 mA

Dimensions:

8 3/4” x 5 3/4” x 4 1/2” High
(22.86 cm x 14.605 cm x 11.43 cm)

Weight:

3.6 lbs. (1.63 kg)

Allen Wrench

3/32 Hex

1.1.1 Operational
Maximum speed:

3.06161 cm/mn

Minimum speed:

0.03364 cm/hr

Maximum pumping rate:

1019 ml/hr with a B‐D 60 cc syringe

Minimum pumping rate:

5.832 l/hr with a B‐D 1 cc syringe

Maximum force:

25 lbs at minimum speed, 10 lbs. at maximum speed

Number of Program Phases:

41

RS‐232 pump network:

100 pumps maximum

RS‐232 selectable baud rates:

300, 1200, 2400, 9600, 19200

Syringe inside diameter range:

0.100 to 50.00 mm

Fig. A.1: Specs for the Braintree Scientific BS-8000 syringe pump used to generate the
droplets in chapter 1.
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APPENDIX B
Slide preparation
Slides were prepared according to this method prior to inoculation for each test performed.
• Sterilize equipment using an autoclave
– Flask for agarose, disposable micro-pipette tips (with the box), DI water with
half full glass bottle (black cap) and the cap loose, and a graduated cylinder
– Use liquid cycle on autoclave (about an hour). Have aluminum foil on top like
you were covering up your food.
• Have ethanol flame lit the entire time when preparing the slides to ensure no contamination occurs.
• Weigh out agarose
– Use spatula/spoon that has been cleaned with ethanol
– Use an analytic balance
– 1 % mixture (0.25 g agarose to 25 mL DI H2O)
• Microwave mixture (20 s at a time)
– Repeat heating for 5 s at a time until there is no slurry making sure no boiling
occurs
• Prepare slides for pouring (using setup shown in figure ??)
– Let agar cool for 4 minutes
– Pour the agar using the micro-pipette (1 ml) onto one of the slides and cover
with another slide
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– Repeat for the remaining two slides
– Let sit for 4 minutes
– Peel off top slides and cut to size
• Keep excess slides in a sealed container in the refrigerator
• Inoculate slides with bacteria sample and place cover slip on top
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APPENDIX C
Setup

Fig. C.1: Potential maximum light intensities. The horizontal line represents the maximum
light intensity to be tested, while the vertical lines are the heights of the boxes used.

Table C.1: Various lighting conditions in common areas
Conditions
Illumination
µmole/m2 s

Lux

Sunlight

1991.25

107,527

Full Daylight

199.11

10,752

Overcast Day

19.91

1,075

Very Dark Day

1.8

107

Twilight

0.20

10.8

Deep Twilight

0.02

1.08

10−3

1.08 ∗ 10−1

Starlight

2.04 ∗ 10−5

1.10 ∗ 10−3

Overcast Night

1.85 ∗ 10−6

1.00 ∗ 10−4

Full Moon

2.00 ∗

50

(a)

(b)

(c)

Fig. C.2: (a) Specifications for high powered LEDS. (b) Spatial distribution. (c) Peak
spectral power
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Fig. C.3: Spectral densities for relevant light sources.
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APPENDIX D
Statistical analysis
MATLAB’s anova1 function provided an analysis for statistical significance between
velocity components at different light intensities. Greater numbers of bacteria were tested
at lower light levels (< 800 µmole/m2 s) than at higher light levels because of the random
placement method used in this experiment. To ensure that resultant trends in velocity as
a function of light intensity were not skewed, we used MATLAB 2018b’s “anova1’ function
to perform statistical analysis for significance between the components of velocity at the
different light intensities. The results of these tests are shown in Fig. D.1.
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ANOVA Table
ANOVA Table

Source
SS
df
MS
F
Prob>F
----------------------------------------------------------Columns
0.00019
2
9.61604e-05
58.99
1.71028e-23
Error
0.00074
453
1.63023e-06
Total
0.00093
455

Source
SS
df
MS
F
Prob>F
------------------------------------------------------Columns
0.00034
2
0.00017
102.91
4.2061e-41
Error
0.00153
930
0
Total
0.00187
932

10-3

8

8

7

7

6

6

Vx (mm/s)

||V|| (mm/s)

10-3

5
4
3

5
4
3

2

2

1

1
0

0
1

2

3

1

High, Mid, Zero

2

3

High, Mid, Zero

(a)

(b)
ANOVA Table
Source
SS
df
MS
F
Prob>F
----------------------------------------------------------Columns
0.00018
2
9.03942e-05
55.64
1.90727e-22
Error
0.00077
477
1.62459e-06
Total
0.00096
479

10-3
8
7

Vy (mm/s)

6
5
4
3
2
1
0
1

2

3

High, Mid, Zero

(c)

Fig. D.1: (a) Results of using the anova1 function in MATLAB between velocity magnitude
at high (> 800 µmole/m2 s), mid (< 800 µmole/m2 s), and low (0 µmole/m2 ) light intensity
levels. (b) and (c) are the comparisons between x-velocity and y-velocity respectively for
the same light intensity distinctions.
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APPENDIX E
Heat distribution
During heat sensitivity testing, three NTC thermistors attached along the bottom of
the glass slide provided temperature information at those locations. Rather than attaching
even more thermistors to measure temperatures throughout the glass slide, and by extension
the agarose pad, two methods of analysis were performed to determine local temperatures
on the agarose pad. The first method was to use the explicit finite difference method to solve
the two-dimensional heat equation (eq. E.1), which was then verified using the temperature
distribution for a one-dimensional plane wall experiencing, steady-state conduction with no
heat generation (eq. E.2 [47]).

p
p
p
p
p
p+1
) + (1 − 4F o)Tm,n
+ Tm,n−1
+ Tm,n+1
+ Tm−1,n
Tm,n
= F o(Tm+1,n

T (x) = (Ts,2 − Ts,1 )

x
+ Ts,1
L

(E.1)

(E.2)

Assumptions for both cases were as follows:
• The glass slide was homogenous.
• Heating effects due to radiation and natural convection were negligible. This was
verified by the presence of the 2nd thermistor which was found to not be in contact
with the glass slide during testing. These temperatures were then used to verify air
temperature immediate to the glass slide, not conduction.
• Lumped Capacitance Method (LCM) was assumed to be valid after calculating the
Biot number (Bi) for the glass slide (Bi = 0.0014) and agarose pad (Bi = 0.0033).
An average value of 0.598 W/m · k given for temperatures ranging from 20◦ C to 50◦ C
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was used for the 1% agarose solution based on previous studies [50]. 1.4 W/m · k was
used for the glass slide [47].
• Because of the nature of the heat sources and the validity of LCM, only one-dimensional
heat transfer was considered.
Boundary conditions for the finite difference model were simplified by padding the
edges of the area of interest. At each iteration, these boundary nodes were updated to the
be same as the temperature of the node.
This verification is not well suited to model the entire scenario, but given the location
of the peltier junctions on the slide (spanning the entire length on either side of the agarose
pad), eq. E.2 can be used to verify temperatures at a given point in time. Assuming
LCM is valid allows for the calculated temperatures on the glass slide to be used for the
corresponding location on the agarose pad, disregarding losses through the 1 mm thick
agarose pad. Fig. E shows a comparison between local temperatures calculated using the
general ((a) and (b)) and transient solutions ((c) and (d)).
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APPENDIX F
MATLAB code: Cyanobacteria
Two .m files that were used to track and collate bacteria information are included
in this appendix. The first piece of code allowed the user to track an individual bacteria
by hand and store its position and relative velocity. The second piece of code takes that
information and correlates it with the light intensity. Two separate pieces of code similar to
each of these were used for the heat sensitivity tests, but are excluded because the variations
are a result of the testing procedure, not the methodology of the code.

F.1

Bacteria tracking

% Ben Lovett, 11 October, 2018

% Purpose: Manipulates raw data to produce plots. To be used after running "Cyano_moveme
% For:

Data sets taken in EL 203, i.e. SlideP and later

% Outputs:

% The global xy position (position relative to the corner of the glass slide) of eac
% The light level corresponding to the xy position of each bacteria
% Quiver on contourf (for a quick visual reprsentation)
% Velocity histogram
% Velocity as a function of light intensity
% xy as a function of light intensity
% <--------------------------------------------------------------------------------% <---------------------------------------------------------------------------------

close all; clc; clear all

% Loads information from spreadsheet
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load(’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/DataT’);
% load(’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/Structs/Struct0Q’);
LightsBig = LightsBig./100;
LightsLux = LightsLux./100;
LightsmN = LightsmN./100;
% You must read in a square from the first quadrant to establish the global
% coordiante, X and Y.

root

= ’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/SlideT’;

%

file = ’0T_q01_01’; % % % Change with each slide! % % %
Name = ’Struct0T’;

cd(root)
path = [root ’/’ file];
load(path);

folders = dir([root ’/0T*’]); % % % Change with each slide! % % %
% <---------------------------------------------------------------------------------

% xglobe = zeros(1, length(xpicCal)); yglobe = zeros(1, length(ypicCal));
X

= zeros(1, length(xpicCal)); Y

= zeros(1, length(ypicCal));

for i = 1:length(xpicCal)
X(i) = xR - (xpicCal(i)*cal); % Top left corner of the image wrt global coordinates
Y(i) = yR - (ypicCal(i)*cal);
end
for j = 1:length(folders)
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load(num2str(folders(j).name));
file = num2str(folders(j).name);

if file(5) == ’0’ && file(6) == ’1’
for i = 1:length(xVel)
xglobe(i) = X(i) + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 1;
end

elseif file(5) == ’0’ && file(6) == ’2’
for i = 1:length(xVel)
xglobe(i) = X(i) + 1*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 0*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 2;
end
elseif file(5) == ’0’ && file(6) == ’3’
for i = 1:length(xVel)
xglobe(i) = X(i) + 2*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 0*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 3;
end
elseif file(5) == ’0’ && file(6) == ’4’
for i = 1:length(xVel)
xglobe(i) = X(i) + 3*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 0*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 4;
end
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elseif file(5) == ’0’ && file(6) == ’5’
for i = 1:length(xVel)
xglobe(i) = X(i) + 3*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 1*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 5;
end
elseif file(5) == ’0’ && file(6) == ’6’
for i = 1:length(xVel)
xglobe(i) = X(i) + 2*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 1*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 6;
end
elseif file(5) == ’0’ && file(6) == ’7’
for i = 1:length(xVel)
xglobe(i) = X(i) + 1*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 1*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 7;
end
elseif file(5) == ’0’ && file(6) == ’8’
for i = 1:length(xVel)
xglobe(i) = X(i) + 0*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 1*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 8;
end

elseif file(5) == ’0’ && file(6) == ’9’
for i = 1:length(xVel)
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xglobe(i) = X(i) + 0*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 2*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 9;
end
elseif file(5) == ’1’ && file(6) == ’0’
for i = 1:length(xVel)
xglobe(i) = X(i) + 1*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 2*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 10;
end
elseif file(5) == ’1’ && file(6) == ’1’
for i = 1:length(xVel)
xglobe(i) = X(i) + 2*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 2*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 11;
end
elseif file(5) == ’1’ && file(6) == ’2’
for i = 1:length(xVel)
xglobe(i) = X(i) + 3*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 2*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 12;
end

elseif file(5) == ’1’ && file(6) == ’3’
for i = 1:length(xVel)
xglobe(i) = X(i) + 3*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 3*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 13;
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end
elseif file(5) == ’1’ && file(6) == ’4’
for i = 1:length(xVel)
xglobe(i) = X(i) + 2*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 3*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 14;
end
elseif file(5) == ’1’ && file(6) == ’5’
for i = 1:length(xVel)
xglobe(i) = X(i) + 1*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 3*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 15;
end
elseif file(5) == ’1’ && file(6) == ’6’
for i = 1:length(xVel)
xglobe(i) = X(i) + 0*xstep + (xpicBac(i) + xpicCal(i)*cal); % (mm)
yglobe(i) = Y(i) + 3*ystep + (ypicBac(i) + ypicCal(i)*cal); % (mm)
K = 16;
end
else
end
xglobe(isnan(xglobe)) = 0; yglobe(isnan(yglobe)) = 0;
xVel(isnan(xVel))

P(j).name = file;
P(j).xPos = xglobe;
P(j).yPos = yglobe;
P(j).xVel = xVel;

= 0; yVel(isnan(yVel))

= 0;
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P(j).yVel = yVel;
P(j).time = TimeStep;
P(j).Blength = Length;

for k = 1:length(P(j).xPos)
if round(P(j).yPos(k)/0.5) == 0
LL(k) = 0;
else

LL(k) = LightsBig(round(P(j).yPos(k)/0.5), round(P(j).xPos(k)/2.54))*(MaxLights(

LLmN(k) = LightsBig(round(P(j).yPos(k)/0.5), round(P(j).xPos(k)/2.54))*(MaxLight
%

LL(k) = 0; % For dark cases
end
end

P(j).LightLevelLux = LL;
P(j).LightLevelmN = LLmN;
P(j).LightLevelLux = P(j).LightLevelLux(1:length(xVel));
P(j).LightLevelmN = P(j).LightLevelmN(1:length(xVel));

end

for j = 1:length(P)
P(j).Vmag = sqrt((P(j).xVel).^2 + (P(j).yVel).^2);
P(j).rad

= atan2(P(j).yVel, P(j).xVel);

end
% Plot those locations on a global image that contains the light gradient
% information
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figure(11), clf

% contourf(LightsLux) % Light map in Lux
% contourf(LightsmN) % Light map in mN/mole
contourf(LightsBig)
h = colorbar; %(’color’, ’w’)
% set(get(h,’label’),’string’,’Light Intensity (\muE/m^2s)’)
set(get(h,’label’),’string’,’Light Intensity (% of maximum)’)

hold on
set(gca, ’fontsize’, 20)

xt = get(gca, ’XTick’);
set(gca, ’XTick’, xt, ’XTickLabel’, xt*2.54)

% ’XTick’ Values

% Relabel ’XTick’ With ’XTickLa

yt = get(gca, ’YTick’);
set(gca, ’YTick’, yt, ’YTickLabel’, yt*0.5)

xlabel(’X position (mm)’)
ylabel(’Y position (mm)’)
axis square

k = 1;
for i = 1:length(P)
if k > 8
k = 1;
else
if k == 1

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2, ’autoscale’, ’
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elseif k == 2

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2, ’autoscale’, ’
elseif k == 3

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
elseif k == 4

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
elseif k == 5

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
elseif k == 6

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
elseif k == 7

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
else

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’autoscale’, ’o
end

k = k + 1;
end
%

pause

end
% axis ([25/2.54 50/2.54 3/0.5 20/0.5])
xlabel(’X position (mm)’)
ylabel(’Y position (mm)’)
axis square

% axes(’Position’,[ 0.15 0.72 0.21 0.21])
% contourf(LightsmN)
% box on
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% axis off
% hold on
%
% for i = 1:length(P)
%

if k > 8

%
%

k = 1;
else

%

if k == 1

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’r’,

%

elseif k == 2

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’g’,

%

elseif k == 3

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’b’,

%

elseif k == 4

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’k’,

%

elseif k == 5

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’m’,

%

elseif k == 6

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’c’,

%

elseif k == 7

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’w’,

%

else

%

quiver(P(i).xPos/2.54, P(i).yPos/0.5, P(i).xVel, P(i).yVel,2,’color’,’y’,

%

end

%
%
%
% %

k = k + 1;
end
pause
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% end
figure (12), clf
contourf(LightsBig)
h = colorbar; %(’color’, ’w’)
% set(get(h,’label’),’string’,’Light Intensity (\muE/m^2s)’)
set(get(h,’label’),’string’,’Light Intensity (% of maximum)’)
set(gca, ’fontsize’, 20)
hold on
xt = get(gca, ’XTick’);
set(gca, ’XTick’, xt, ’XTickLabel’, xt*2.54)

% ’XTick’ Values

% Relabel ’XTick’ With ’XTickLa

yt = get(gca, ’YTick’);
set(gca, ’YTick’, yt, ’YTickLabel’, yt*0.5)
hold on
for i = 1:length(P)
quiver(mean(P(i).xPos)/2.54, mean(P(i).yPos)/0.5, sum(P(i).xVel), sum(P(i).xVel),2,
end
% axis ([25/2.54 50/2.54 3/0.5 20/0.5])
xlabel(’X position (mm)’)
ylabel(’Y position (mm)’)
axis square

filename = [’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/ProcessingOld/Tests/’ num2
save(filename, ’P’);

F.2

Light intensity correlation
Second piece of code that correlates the positions of each bacteria with the light gra-

dient. The end result is a single struct containing all the position, velocity, and light or
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temperature levels for each bacteria tracked on a given slide.

% Ben Lovett, March 20, 2018
% Purpose: Pulls out raw data from images and stores them
% For:

Data sets taken in EL 203, i.e. SlideP and later. To be use after running, "S

% Outputs:

% The xy position of each bacteria in each section relative to the top left corner o
% The xy position of a non moving mass
% The bacteria’s speed (u and v) in mm/s
clear all; close all; clc;
load(’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/SlideT/0T_q01_01’);

clearvars -except -regexp Cal$;
% % % Change with each slide! % % %
% <--------------------------------------------------------------------------------% <---------------------------------------------------------------------------------

% Loads information from spreadsheet
load(’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/DataT’);

% Specify j ,the quadrant number, for each case. i is the time step for
% that quadrant.

j

= 1; % 01 - 16

% % % Change with each bacteria! % % %

% File name to save as
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Name = ’0T_q01_07’; % Slide_’q’quadrant#_bacteria#
% Ex: ’0P_q05_02’ For light cases

root

= ’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/LightScans/7_10_18/Slide_T’;

cd(root)
folders = dir([root ’/T*’]);

% Instructions
disp(’Before you begin, make sure you have changed "Name" to the right format’)
disp(’and "j" to reflect the right quadrant. An image will be shown twice before’)
disp(’moving on. The first time, draw a square around the same non-moving feature’)

disp(’in the image. The second time, draw a square around the bacteria you are tracking’
disp(’

’)

disp(’If the bacteria moves out of screen, draw a very small circle.’)
disp(’If you draw your rectangle outside of the screen, you have to start over.’)
% % <--------------------------------------------------------------------------------%%

% Find number of images(quadrants) in directory
q

= dir([folders(1).name ’/*.JPG’]);

% if Name(9) == ’0’ && Name(10) == ’1’ % For R2
if Name(8) == ’0’ && Name(9) == ’1’ %If it is your first bacteria in that quadrant
xpicBac = zeros(1, length(folders)); ypicBac = zeros(1, length(folders));
xpicCal = zeros(1, length(folders)); ypicCal = zeros(1, length(folders));
xCal

= zeros(1, length(folders)); yCal

= zeros(1, length(folders));
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% Cycle through all the same quadrants of each folder

for i = 1:length(folders)
q = dir([folders(i).name ’/*.JPG’]);
Im1 = imread([folders(i).name ’/’ q(j).name]);

rect1 = ones(1,4);
rect2 = ones(1,4);

Im

= Im1(:,:,2);

[m, n] = size(Im);

% This first time should be a click on a large stationary, non moving mass to get th
%

figure(1), clf

%

imshow(Im)

%

hold on

%

plot(xpicBac, ypicBac, ’r+’, ’markersize’, 10) % plots the centroid positions on t

%

plot(xpicCal,

ypicCal,

rect1

= getrect;

rect1

= round(rect1);

’bs’)

% rect = [xmin ymin, width, height]

if rect1(3) < 50 || rect1(4) < 50
xpicCal(i) = 0; % (pixels)
ypicCal(i) = 0; % (pixels)
else

ImNew = Im(rect1(2):rect1(2)+rect1(4), rect1(1):rect1(1)+rect1(3)); % Im(Ymin:Ym
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% Process the selected portion of the image
Level

= graythresh(ImNew);

ImNewbw = imbinarize(ImNew, Level);
ImNewbw = imcomplement(ImNewbw);
CC

= bwconncomp(ImNewbw);

Are

= regionprops(CC, ’Area’);

are

= cat(1, Are.Area);

Cen

= regionprops(CC, ’Centroid’);

cen

= cat(1, Cen.Centroid);

pixie

= regionprops(CC, ’PixelIdxList’);

Pixie

= cat(1, pixie.PixelIdxList);

maxA

= find(are == max(are));

xCal = round(cen(maxA,1)); % (pixels)
yCal = round(cen(maxA,2)); % (pixels)

xpicCal(i) = xCal + rect1(1); % (pixels)
ypicCal(i) = yCal + rect1(2); % (pixels)
end

% <--------------------------------------------------------------------------------% This is where you track the bacteria
%

figure(1), clf

%

imshow(Im)

%

hold on

%

plot(xpicBac, ypicBac, ’r+’, ’markersize’, 10) % plots the centroid positions on t
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%

plot(xpicCal,

ypicCal,

rect2

= getrect;

rect2

= round(rect2);

’bs’)

% rect = [xmin ymin, width, height

if rect2(3) < 50 || rect2(4) < 50
xpicBac(i) = 0; % (pixels)
ypicBac(i) = 0; % (pixels)
else

ImNew = Im(rect2(2):rect2(2)+rect2(4), rect2(1):rect2(1)+rect2(3)); % Im(Ymin:Ym

% Process the selected portion of the image
Level

= graythresh(ImNew);

ImNewbw = imbinarize(ImNew, Level);
ImNewbw = imcomplement(ImNewbw);
CC

= bwconncomp(ImNewbw);

Are

= regionprops(CC, ’Area’);

are

= cat(1, Are.Area);

Cen

= regionprops(CC, ’Centroid’);

cen

= cat(1, Cen.Centroid);

Len

= regionprops(CC, ’MajorAxisLength’);

len

= cat(1, Len.MajorAxisLength);

pixie

= regionprops(CC, ’PixelIdxList’);

Pixie

= cat(1, pixie.PixelIdxList);

maxA

= find(are == max(are));
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xCent

= round(cen(maxA,1)); % (pixels)

yCent

= round(cen(maxA,2)); % (pixels)

AxisLength

= len(maxA); % pixels

%

figure(3), clf

%

imshow(ImNewbw)

%

hold on

%

plot(xCent, yCent, ’g+’)

%

hold off

xpicBac(i) = xCent + rect2(1); % (pixels)
ypicBac(i) = yCent + rect2(2); % (pixels)
Length(i)

= AxisLength*cal; %mm

end

end

else
xpicBac = zeros(1, length(folders)); ypicBac = zeros(1, length(folders));
for i = 1:length(folders)
q = dir([folders(i).name ’/*.JPG’]);
Im1 = imread([folders(i).name ’/’ q(j).name]);

rect1 = ones(1,4);
rect2 = ones(1,4);

Im

= Im1(:,:,2);

[m, n] = size(Im);
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%

figure(1), clf

%

imshow(Im)

%

hold on

%

plot(xpicBac, ypicBac, ’r+’, ’markersize’, 10) % plots the centroid positions

%

plot(xpicCal,

ypicCal,

rect2

= getrect;

rect2

= round(rect2);

’bs’)

% rect = [xmin ymin, width, he

if rect2(3) < 50 || rect2(4) < 50
xpicBac(i) = 0; % (pixels)
ypicBac(i) = 0; % (pixels)
else

ImNew = Im(rect2(2):rect2(2)+rect2(4), rect2(1):rect2(1)+rect2(3)); % Im(Ymi

% Process the selected portion of the image
Level

= graythresh(ImNew);

ImNewbw = imbinarize(ImNew, Level);
ImNewbw = imcomplement(ImNewbw);
CC

= bwconncomp(ImNewbw);

Are

= regionprops(CC, ’Area’);

are

= cat(1, Are.Area);

Cen

= regionprops(CC, ’Centroid’);

cen

= cat(1, Cen.Centroid);

Len

= regionprops(CC, ’MajorAxisLength’);

len

= cat(1, Len.MajorAxisLength);
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pixie

= regionprops(CC, ’PixelIdxList’);

Pixie

= cat(1, pixie.PixelIdxList);

maxA

= find(are == max(are));

xCent

= round(cen(maxA,1)); % (pixels)

yCent

= round(cen(maxA,2)); % (pixels)

AxisLength

= len(maxA); % pixels

%

figure(3), clf

%

imshow(ImNewbw)

%

hold on

%

plot(xCent, yCent, ’g+’)

%

hold off

xpicBac(i) = xCent + rect2(1); % (pixels)
ypicBac(i) = yCent + rect2(2); % (pixels)
Length(i)

= AxisLength*cal; %mm

end
end
end

%%
% xpicBac(xpicBac == 0)= NaN;
% ypicBac(ypicBac == 0)= NaN;

if length(xpicBac) > length(Length)
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difference = abs(length(xpicBac) - length(Length));
Length = Length.’;
conv = padarray(Length, difference, ’post’);
Length = conv.’;
else
end

idx = find(Length~=0, 1, ’first’);
Length(Length==0) = Length(idx);

indx = find(xpicBac == 0);

xpicBac(xpicBac == 0) = [];
ypicBac(ypicBac == 0) = [];
TimeStep(indx) = [];
xpicCal(indx) = [];
ypicCal(indx) = [];
Length(indx) = [];

xpicBac = (xpicBac - xpicCal)*cal; % mm
ypicBac = (ypicBac - ypicCal)*cal; % mm

xVel

= diff(xpicBac)./diff(TimeStep); % (mm/s)

yVel

= diff(ypicBac)./diff(TimeStep); % (mm/s)

filename = [’/Users/splashlab/Desktop/Splashlab/Cyanobacteria/Processing/SlideU/’ num2st

save(filename, ’xpicCal’, ’ypicCal’, ’xpicBac’, ’ypicBac’, ’xVel’, ’yVel’, ’xCent’, ’yCe
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APPENDIX G
Uncertainty analysis

G.1

Introduction
Details of uncertainty analysis for Cyanobacteria experiment taken from established

practices [51]. All uncertainties displayed in the main body are given at a 95 % confidence
interval.

G.2

Governing uncertainty equations
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(G.1)

When data the reduction equation (DRE) has the form

r = kX1a X2b X3c ...

(G.2)

where k is a constant, eq. G.1 reduces to
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DREs
It is necessary to properly identify the DREs to propagate uncertainty correctly when

performing uncertainty analysis. It should be noted that each of these terms are directly
correlated to their ‘y’ counterparts. These relationships are derived from image processing
code and can be seen in Fig. G.1.
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Xglobe = X + xstep + xpb · cal

(G.4)

X = xR + xpc · cal

(G.5)

xpc = ycal + rect

(G.6)

xpb = ycent + rect

(G.7)

xV el =

xpba
time

xpba = (xpb − xpc ) · cal

G.4

(G.8)

(G.9)

Uncertainty propagation
Now that the proper DRE’s have been established, the next section goes through how

to propagate the uncertainty through each equation to obtain an uncertainty on quantities
that were not directly measured, such as velocity and overall global position.

G.5

Velocity
UxV el 2 Uxpba 2 Utime 2
=
+
xV el
xpba
time

(G.10)

Utime is given in an excel spreadsheet and is the same for all cases.
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Simplifying, we obtain eq. G.12.
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The calibration is in mm/pix and is found by taking a picture of a ruler under the
microscope on the same plane as the bacteria. The pixels to millimeter ratio is then found
in preview.
If we assume that the uncertainty of term ’rect’ in eqs. G.6 and G.7 is negligible, since
it is calculated using the rect function in Matlab, then the uncertainty for the first and
second terms in eq. G.11 become:
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(G.13)

In essence, the semicolon between the two equations could be replaced by another
equals sign, because ’xcal ’ and ’xcent ’ are both calculated using the centroid feature from
the connected components function in Matlab. However, in practice, these terms are not
the same due to the differing absolute values. Thus, while the values of the numerators
are from the same source and will be very similar, the denominators are not and therefore
eq. G.13 cannot be reduced further.

G.6
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The term, Xstep, is from uncertainty due to the micrometers.
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Table G.1: The uncertainties listed here are from directly measured quantities (no DRE).
The uncertainties are from either MATLAB functions or measuring instruments.
U
Source
xcal
xcen
rect
time
xStep
xR
cal

xR
xglobe
x

xpb

Matlab centroid
Matlab centroid
Matlab rect
clock
Micrometer
Calipers
ruler

xstep
xpba

xpb
rect

q1

q2

q3

q4

xc

xpc

Fig. G.1: Drawing showing defined positions as it relates to the MATLAB code used to
process the images. These relationship and their resultant uncertainties are therefore a
result of how the code is written and how MATLAB uses certain functions.
Eq. G.13 and G.15 can be combined into eq. G.14 to determine the total relative uncertainty in position. This position is crucial because it allows the comparison between bacteria
location on the slide to be correlated with location in the light temperature gradients.
A complete list of directly measured sources of uncertainty can be found in table G.1.
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